The root pairs (usually the VIIIth or IXth, the VIIth occasionally), together with the trunk formed by their union, were studied either immediately upon removal or after refrigeration in Ringer's solution.
In the refrigerator irritability was retained for as long as two weeks, and responses to all appearances continued normal.
The preparations were suspended vertically in the moist chamber, under the tension of their own weight, from threads tied to the root ends. The roots deviated from the vertical only by enough to keep them apart on their respective electrodes. The positions of all supports and electrodes were adjustable from without the moist chamber. The electrodes were of silver excepting when used to convey constant current; then in most of the experiments calomel half-cells were employed. Except where otherwise stated, stimuli were break shocks from coreless Porter coils. The methods of expressing shock and constant current strengths are those described in previous publications (Erlanger and Blair, 1936; Erlanger and Gasser, 1937 ). There will be found also descriptions of our amplifying and recording techniques.
The root preparation is peculiarly suited to a comparative study of the properties of motor and sensory fibers, since in the trunk the two kinds of fibers are exposed to the same conditions, while from the roots their conducted responses can be recorded separately.
A comparison can also be made through stimulation of the roots individually while leading from the trunk, though not so unequivocally, since with this arrangement the results are conditioned by any differences there may be in electrode contacts and in the diameters of the two roots. Electrode positions were read by means of a cathetometer. Stimulation was taken to occur at the edge of the cathode proximal to the anode; and an action potential coursing along the preparation was taken to record as it leaves the grounded lead on its way to the grid lead on the killed end.
In interpreting the data derived from this preparation certain structural features must be taken into consideration.
The roots are devoid of epineurium.
The epineurium of the trunk is continuous with the dura mater in the region of the ganglion (Tarlov, 1937) , and to remove the preparation the adherent dura must be cut away from the ganglion.
Occasionally in this process the latter is nicked slightly by the scissors. The motor root joins the sensory either at the ganglion or just distal to it; in the absence of definite information, it is assumed that the motor and sensory fibers are uniformly mixed in the trunk 5 mm. beyond the ganglion. Excepting the dorsal ramus, which is given off at the peripheral edge of the ganglion, and the rami communicantes, which arise from the middle section of the trunk, these preparations are essentially branchless. However, it must be borne in mind that where these branches have been cut, andalso in the vicinity of the injured ends of the preparation, demarcation currents can develop which could modify induced responses.
RESULTS. Motor and sensory rheobases along the preparation. In the course of these experiments considerable information has been acquired regarding the constant current excitability of the motor and of the sensory fibers along the length of these preparations.
This mapping of constant current excitability (and also of repetitiousness) is accomplished through a pair of calomel half-cells held rigidly, at a fixed separation, in selected positions along the preparation.
While the stimulating voltage is relatively independent of the nerve circuit, no attempt has been made to control the effect of differences in nerve resistance as the position of the electrode pair is changed.
In many of the experiments the plan followed has been to obtain readings from one point on each of the roots at corresponding positions well away from the killed ends, and, from the trunk, at a number of positions including the region of the ganglion.
Often in such experiments the location of the stimulating cathode was read with reference to the center of the ganglion.
These values have been included in table 1.
Threshold readings depend to some extent on the amount of amplification employed.
They may be decidedly lower when the amplification is sufficient to bring out single axon spikes than with the amplification reduced so that the full multifiber action potential is framed by the screen The values in a line and those in a brace are readings made with a setting of the potential divider; they are comparable among themselves. The figure lOOO+ signifies that it was not possible with the particular voltage supplied the potential divider, to attain the voltage required to stimulate. Values derived from lOOO+ are too small by an unknown amount, and this is indicated by a plus sign. of the electron oscillograph. Usually the relative excitabilities of the motor and sensory fibers have been the same at the different amplifications. Occasionally, however, there have been wide differences due to the presence of one fiber, or of a few fibers, of outstanding excitability whose spikes do not contribute appreciably to the picture produced at the lower amplification. An illustrative set of observations will be found under 16 in table 1. There with the low amplification the motor and sensory rheobases were both 200;2 with high amplification they were, respectively, 175 and 195: increasing the amplification lowered the reading of the motor rheobase 12.5 per cent, that of the sensory rheobase only 2.5 per cent, and this is by no means the widest shift that has been seen.
The gross differences that have been observed between the rheobases in the different positions along a preparation are attributable largely to gross anatomical features. The voltages required to stimulate the roots always are relatively low (see table 1) due, probably wholly, to the absence from the roots of an epineurial covering. The average motor rheobase in twelve preparations was 117, the sensory rheobase 134. In six instances the motor rheobases were the higher and in one instance the two rheobases were essentially the same. The distribution around the mode, therefore, is nearly even. Included in this group, however, is one case (3, table 1) in which the sensory rheobase was greatly in excess of the motor rheobase. This was so exceptionally large that for statistical purposes it seems justifiable to exclude it. When this is done the averages become almost alike, -121 for the motor fibers and 125 for the sensory. However, the root thresholds, as measured, are, as has been said, qualified to an unknown extent by possible differences in the relative sizes of the roots and in the contacts between electrodes and roots.
On the trunk just beyond the ganglion the motor threshold usually is the lower (see fig. 1 and table l), probably because here the motor fibers are the more accessible to the current. This difference becomes even more striking when the motor and sensory thresholds are determined with the cathode on the ganglion. The motor and sensory thresholds in these particular regions are of no value from the comparative standpoint.
Further along on the trunk where the two kinds of fibers presumably are uniformly intermingled and ensheathed in the epineurium all of these conditions qualifying comparison should disappear. There the thresholds, both motor and sensory, are generally high relative to those of the root, and the motor threshold is higher than the sensory. To be specific, the motor rheobase has been higher than the sensory in thirty of thirty-six comparisons. The averages of all of the motor and sensory rheobases are to each other as 120 is to 100, and this difference is, if anything, too small since any determinations derived perchance from the regions contiguous to the ganglion, where the threshold curves are crossing (see fig. I ), would raise the average of the sensory rheobase above its correct value.
Curiously enough the ratio of the motor to the sensory rheobase, as may be seen in the table, is by no means the same either quantitatively or even directionally at different, though presumably comparable, points on one and the same trunk.
No reasonable explanation of these differences has occurred to us. Granting even that there are local demarcation currents which modify excitability locally it is difficult to see how they could affect motor and sensory fibers differently unless the two kinds of fibers react differently to them or unless the motor and sensory fibers course in separate bundles which are unequally exposed to such demarcation currents and to the stimulating currents. As a measure of the comparative repetitiousness of motor and sensory fibers or of any one kind of fiber at different localities, the threshold of repetition is valid only when the rheobases are alike. On the other hand the repetition threshold in terms of rheobases, the "relative repetition threshold", should be a valid comparative measure of repetitiousness under any conditions.
However, under conditions apparently quite comparable, the number and the sizes of the fibers (as judged by axon spike height) that can be made to repeat has varied very widely not only with the preparation but also from point to point in the same preparation, an experience which confirms observations on the plantar preparation (Erlanger and Blair, 1936) . Consequently the information yielded by either of the abovementioned gauges of repetitiousness requires statistical treatment.
As a third measure of repetitiousness there is the maximum amount of repeti-tion, as given by area, elicitable under comparable conditions. This method is regarded as entirely satisfactory when due consideration is taken of the relative fiber constitution of the two contributions.
It has not been necessary actually to measure the areas, since the differences ordinarily have been so great that inspection of the tracings on the screen, or of the photographs, has sufficed for a decision (see fig. 2 ). It must be borne in mind here that the repetition induced by a constant current does not increase to a constant value with the current strength; instead it passes through a maximum which is attained usually at from 3 to 4 rheobases (Erlanger and Blair, 1936) . To supplement the data in table 1 it should be added that the repetition maximum yielded by the sensory fibers has been so regularly larger than that yielded by the motor, that it has been convenient to include under "Remarks" only notes on unusual results, such as equality of motor and sensory repetition, unusually small or unusually large differences between the motor and sensory repetition maxima, et cetera. Table 1 includes eleven comparable determinations of the repetition threshold in the roots. In seven of these cases it was lower in the sensory root than in the motor; in two the roots had the same threshold; in one case neither root repeated; and in one the repetition threshold was higher in the sensory root.
Data on the relative repetition threshold (the repetition threshold in terms of the rheobase) in the roots are found in eight experiments.
In five this value is higher in the motor root than in the sensory; in one case it is the same for both roots; and in two (nos. 7 and 14) the motor root ratio is smaller than that of the sensory, though in one of these only slightly so.
The repetition maximum, where repetition has been attainable at all, has been greater in the sensory root than in the motor in every instance save one, namely, experiment 7 of table 1, in which the note was made that the repetitiousness of the two kinds of fibers was about the same. This is the one case, referred to in the previous paragraph, in which the repetition threshold was decidedly higher for the sensory than for the motor fibers. In the other instance with this relation of these thresholds (14, table 1) it was noted that with stronger currents the sensory fibers repeated better than the motor.
Statistically, therefore, the observations signify definitely that the sensory roots contain fibers that repeat more readily than any of the fibers in the motor roots. It should be added, though, that the difference in the motor and sensory maximum of repetition has never been as great in the roots as in the trunk.
Repetition thresholds in the trunk can be of significance from a comparative standpoint only when derived from regions that are uniformly constituted. 'Therefore, of the data contained in table 1, only such will be considered JOSEPH ERLANGER AND E. A. BLAIR under this rubric as are known, or are believed, to have been derived from points 5 mm. or more from the ganglion. Thirty-one pairs of observations on eighteen preparations meet this condition. The strongest current needed to elicit repetition, where repetition was elicitable at all, was, with one exception (and this was 7.5 rheobases), in the vicinity of 4 rheobases. Therefore, where the drop across the potential divider sufficed to permit of the quadrupling of the rheobase and that increase failed to elicit repetition, it is assumed, somewhat arbitrarily, to be sure, that the fibers would not have repeated with any strength.
This obtained eight times with motor fibers and three times with sensory. All three of the latter were in preparations of which neither the motor nor the sensory fibers could be made to repeat.
It has been possible to compare repetition thresholds of the motor and sensory fibers in twenty-nine of the locations on the trunk. In these the sensory repetition threshold was lower than the motor in twenty-seven instances. This series includes five preparations of which the most irritable motor fiber and the most irritable sensory fiber were under observation.
It may be of interest to note that of the two exceptions to the rule just mentioned one was in this single fiber group.
Since there is the possibility that even in the trunk the two kinds of fibers may not be equally exposed to the stimulating current, a safer comparison is one based on the current needed to stimulate in terms of the rheobase. Information required for this comparison has been derived from twenty-six loci. In nineteen the sensory threshold thus expressed was the smaller of the two. The series includes all five of the single fiber observations mentioned above; and of these the sensory threshold was the smaller in only two. This last result is probably an expression of the fact, mentioned above, that repetitiousness is in part a matter of fiber individuality.
Therefore, of the two methods, the one that is based on the behavior of a number of fibers should be the better index to comparative repetitiousness.
As in the case of the roots so in the trunk, if repetition was elicitable at all, the area of the maximum of the repetition obtainable from the sensory fibers has been either greater than that from motor fibers or, in the few instances in which this did not obtain, the two areas have been approximately alike. Figure 2 illustrates a typical case. The rheobase, the repetition threshold and the relative repetition threshold of the motor fibers here were, respectively, 190, 290 and 1.53, of the sensory fibers, 160, 212 and 1.37. Records A, B and C are the responses obtained at, respectively, a subrepetition strength of the constant current (at 260), at the repetition threshold (290) and at about the repetition maximum (700) of the motor fibers; and records D, E and F are the responses at corresponding situations for the sensory fibers, D at a strength of 200, E at 212 and F at 650. The question arises here, is the diference in the motor and sensory repetitiousness referable to diflerences in the sizes of motor and sensory fibers? IS there among the sensory fibers a predominating size more prone to repeat than any other?
In the roots the largest medullated fibers of both kinds are essentially alike in size and so too are the smallest (Gasser and Erlanger, 1927) . In the different roots, however, there may be considerable variations in the frequency distribution of the fiber sizes (Taira, 1934 (Taira, , 1935 , and there are no reasons for believing that this relation is greatly different in the trunk.
The greater repetitiousness of the sensory fibers cannot be attributed to a predominance of small fibers, since it is easy to show that at the repetition threshold of the sensory fibers, it is the large fibers (judging by spike height) that are repeating.
Indeed, in more than one instance (though by no means regularly) it has been found that the height of the spike of the sensory fiber repeating at the repetition threshold was the same as that of the fiber with the lowest rheobase: the largest fiber was repeating.
Moreover, it has happened in a preparation in which the large sensory fibers were repeating, that at the very much higher repetition threshold of the motor fibers smaller motor fibers were the ones that were repeating.
The experiment and records (fig. 2) described above can be used to demonstrate that the greater repetitiousness of the sensory fibers is not attributable to a preponderance of small fibers on the sensory side. The repetition, both motor and sensory, begins there long before the alpha spikes attain their maximum heights and before, on the sensory side, the stimulus reaches the beta threshold.
To be specific, the first evidence of motor repetition appears when alpha has attained 75 per cent of its maximum amplitude; and the first evidence of sensory repetition develops as the sensory aZpha attains about 36 per cent of its height.
This question of fiber size in relation to repetitiousness has been gone into rather thoroughly and, without presenting any more of the evidence that has been accumulated, it may be stated that we have satisfied ourselves that a characteristic difference in the sizes of sensory and motor fibers is not the factor that is responsible for the difference in motor and sensory repetitiousness.
Comparative repetitiousness of root and trunk fibers. The fibers of the roots repeat much less readily and much less perfectly than do those of the trunk.
In six pertinent observations on motor fibers the relative repetition threshold of the root fibers was higher than that of the trunk fibers in five; in one instance the situation was reversed. In eight pertinent observations on sensory fibers the rule held in seven; in the remaining case the figures from several points on the trunk ranged around the one derived from the root. Moreover, for any one set of fibers the repetition maximum, when repetition was obtainable, has without exception been greater in the trunk than in the root. This difference between root and trunk recalls observations on the comparative repetitiousness of the sheathed and the desheathed phrenic nerve; -the fibers in the former are much more apt to repeat than are those in the desheathed nerve (Adrian, 1930; Erlanger and Blair, 1936) . With a view to ascertaining whether the sheath is a factor in the present case the following experiment has been performed.
A preparation was selected in which the motor root joined the trunk just beyond the ganglion, as it occasionally does. While drawing the roots apart, the separation was extended with scissors 3.5 mm. along the trunk beyond the edge of the ganglion.
A pair of electrodes, for constant current stimulation, was applied with a terminal 3 mm. to either side of the ganglion.
When the cathode was on the trunk side the record was taken from the trunk, and when it was on the sensory root the record was taken from that root.
The rheobases of the central and peripheral extensions from the sensory ganglion determined in this way were, respectively, 190 and 175 (table 1, 20) . The repetition threshold of the peripheral extension (the trunk fibers) was 450, while the central extension (the root fibers) could not be made to repeat.
The corresponding relative repetition thresholds were 2.57 and 5.26+.
The result is the one given by normal preparations. Opening the sheath of the trunk, then, does not alter the repetitiousness of the sensory fibers. The experiment, however, may not be crucial since the operation does not completely remove the sheath, and undoubtedly damages some of the fibers.
Accommodation.
Since, under a constant current, sensory fibers repeat more readily than motor fibers it is to be expected that during the passage of a subthreshold constant current sensory fibers accommodate less than do motor fibers. This is the case.
During the passage of a constant current, as is well known, the threshold at the cathode falls to a level which usually is ended abruptly, after about 1 to 2 msec., by a rise in threshold (accommodation) which approaches asymptotically the steady elevated value that is maintained by the continuing polarization (Erlanger and Blair, 1931, 1936) . The amount of accommodation is expressed by the ratio of the threshold obtaining when the rise during polarization attains its asymptote, to the threshold of the unpolarized fibers. When a comparison is to be made between the grades of accommodation developed in different preparations or in different fiber groups of the same preparation, the polarizing currents employed should be proportional to the respective rheobases, and this precaution has been observed.
The polarizing current employed in the present experiments has been 80 per cent of the rheobase and the shocks determining the amount of accommodation have been administered 10 msec. after the make of the constant current.
The results obtained from two preparations are given in table 2 along with other data. There it can be seen that in both cases the accommoda- tion ratios are smaller for the sensory than for the motor fibers. The data on the repetitiousness of the fibers of these preparations will be found in table 1 as numbers 26 and 27: as usual, the sensory fibers were more repetitious than the motor. Demarcation potentials.
In the effort to find differences between motor and sensory fibers which might correlate with the difference in their repetitiousness, their demarcation potentials have been measured. This has been done under exactly comparable conditions.
The apparatus employed has been a Leeds and Northrup potentiometer, type K, in conjunction with a type HS Leeds and Northrup galvanometer with sensitivity of approximately 1 X lo-lo ampere, permitting readings easily within 0.05 mv. The electrodes were calomel half-cells.
The potential difference between the electrode pairs, never exceeding 1 mv., was steady and was deducted from the readings. Killing was accomplished by heating with either a tetanizing current or Ringer's solution.
The results obtained were not perceptibly influenced by the method of killing employed.
In one set of experiments the central ends of the roots were killed and the leads were from one or the other killed end and from the intact trunk distal to the ganglion.
In another set (see fig. 3 , B) the common lead was from the union of the two roots, which was killed together with the ganglion, while the other two leads were one from each of the roots about midway between their cut ends and the killed region in the vicinity of the ganglion. The latter series included readings of the potential difference between the two roots. It should be added that the potential difference between the roots JOSEPH ERLANGER AND E. A. BLAIR before killing was insignificant. All the readings were made without moving the electrodes.
The results were all qualitatively alike (see fig. 3, A) . The motor root demarcation potential invariably is higher than that of the sensory root. In the eight preparations examined the difference immediately after killing ranged between 3 and 13 mv., with an average of 6.3. This wide spread of the difference between the motor and sensory demarcation potentials in different preparations is not referable to differences in the thoroughness of the killing, since both methods gave equally wide ranges; and when the trunk ends of the roots are killed the sensory and motor fibers obviously receive similar treatment.
Neither does it correlate with root diameters. The potential difference between the two electrodes resting on intact surfaces, one on the motor root, the other on the sensory, was always equal to the difference between the two demarcation potentials (see fig. 3 , A). Diagrams ( fig. 3 , B and C) will help to visualize the results obtained with the arrangement in which the union of the roots was killed.
Starting with the premise that the potential drop between the intact surface of either root and the killed root junction is 30 mv., as indicated in diagram B, the drop between the two roots obviously would be zero. If, however, as indicated in C, there were a 25 mv. drop between sensory root and killed region, a 30 mv. drop between motor root and killed region and a 5 mv. drop from the sensory to the motor root, the situation might be referable either to a potential difference inherent in the roots or to inert shunting material greater in amount in the sensory than in the motor root, as shown in C. Now if the latter were the case, while all other relevant conditions in the two roots were the same, the constant current threshold of the sensory root would be higher than that of the motor root, but as has been seen, there is little if any difference between the roots in this respect; and in the trunk, if trunk values are relevant here, the sensory rheobase is very much lower than the motor. It would appear, therefore, that the results obtained are referable only to an inherent difference between the demarcation potentials of the motor and sensory fibers.
Such a difference in demarcation potentials might be related to the greater repetitiousness of the sensory fibers either as effect or as cause. Thus the potential difference between the two roots would be accounted for if the sensory fibers were firing off spontaneously and the motor fibers not. There is, however, no spontaneous activity to be seen in either kind of fiber under resting conditions.
On the other hand, if the difference in demarcation potentials were an expression of a difference, say, in the thickness of a hypothetical membrane, that of sensory fibers being the thinner, it is obvious that under the influence of a constant current the sensory fibers would be more repetitious than the motor.
The temporal configurations of the curves of the demarcation potentials vary somewhat from preparation to preparation.
Generally the motor injury potential, starting at, say, 30 mv. increases for about 15 minutes to reach, say, 33 to 35 mv. before beginning to decline. Occasionally, however, it has fallen from the start, and then this initial fall has been slower than the contemporaneous fall occurring in the sensory root. The sensory demarcation potential may also rise initially but then the rise is relatively slight. Usually, however, the sensory demarcation potential falls from the start.
Eventually, it may be after two hours or longer, the two curves, while falling, begin to approach each other.
One preparation has been followed through 17 hours. At the end of that period the sensory injury potential was 0, the motor 3.5 mv. The initial difference had been 6 mv.
Strength-duration relationships.
Another difference between motor and sensory fibers that has been encountered concerns their thresholds to currents of long and of short duration.
The phenomenon came to light in an experiment in which the rheobasic voltages of the most irritable motor fiber and the most irritable sensory fiber of a preparation had been determined, and then their excitabilities in terms of threshold induction shocks. The stimulating electrodes were on the trunk and the responses were being led separately from the motor and sensory roots. The rheobase of the sensory fiber was lower than that of the motor, but the shock threshold of the sensory fiber was the higher of the two. In another instance (table 1,23) the reciprocals of the primary resistances (the relative primary voltages) when the shocks were threshold for the most irritable motor and most irritable sensory fibers, were, respectively, 8.00 and 7.94; essentially they were the same. The rheobases of these two fibers were, respectively, 352 and 286: the sensory fiber, by the latter test, was 23.1 per cent more JOSEPH ERLANGER AND E. A. BLAIR irritable than the motor. Two additional instances are shown in table 2, where it is seen in each case that the ratio of rheobase to shock threshold is larger for the motor fiber than for the sensory fiber. In figure 4 are reproduced complete strength-duration curves derived from two fibers in another preparation.
The motor and sensory curves here actually cross, the threshold of the sensory fiber being the lower at long durations and the higher at short durations.
The shift, to be sure, is small, but it was readily demonstrable.
The sensory chronaxie here is 0.19 msec., the motor 0.16. In this connection it may be recalled that strength-duration curves of sensory fibers of different velocities differ in configuration in such a manner that as the conduction rates of the fibers slow their chronaxiea at first b 0 MSEC. ,025 , 1.0 J.5 ,2.0 Fig. 4 . Strength-duration curves of the most irritable motor fiber (triangles) and the most irritable sensory fiber (circles) of a preparation.
shorten and then lengthen (Blair and Erlanger, 1933) . In that investigation we did not encounter crossing of curves, though we did not "expressly say that crossing of fiber curves is not seen."" Crossing of strengthduration curves has, however, been described by others, most recently by Schaefer (1936,- where the literature will be found), who maintains that diminution in chronaxie with fiber size and crossing of curves are necessary consequences of the local potential (Spannungs) theory of electrical stimulation of nerve. Schaefer, however, used constant potential height of multifiber responses as the criterion of constant stimulation strength, and this method is not wholly valid since the briefer the threshold current the less is the temporal dispersion of the axon spikes elicited, and, therefore, the more complete their summation.
Under the circumstances, however, the question as to whether there is a characteristic difference between the strength-duration curves of motor and sensory fibers must remain open. Nevertheless, the results described here, it will be shown, are not inconsistent with the hypothesis ascribing to the sensory fibers the thinner "membrane".
Conduction rate; multifiber observations. Since of the largest fibers of the trunk the sensory are definitely more excitable than the motor, one might expect conduction in sensory fibers to be faster than in motor fibers. As a matter of fact the reverse appears to be the case, and this difference presumably constitutes another of the significant differences between motor and sensory fibers. Conduction has been studied in twenty-eight different preparations. In all cases determinations have been made of the time occupied by propagation between successive, rather closely spaced, points.
Two general methods of determining the conduction time have been used. 1. In some cases the roots were stimulated separately at fixed points with induction shocks and records were taken from the ground lead which was moved to the selected points along the roots and the trunk, the grid lead remaining fixed on the killed end of the trunk.
2. In other cases two pairs of leads which could be used separately, were in fixed positions one on each of the roots, and the points stimulated were selected by shifting the pair of stimulating electrodes.
After preliminary experiments with methods the stimulus strength usually employed was exactly twice threshold in each position.
In two JOSEPH ERLANGER AND E. A. BLAIR cases the strength was adjusted to six times threshold (see fig. 9 ). The need for exercising this precaution was ascertained in experiments in which the effect was determined on the shock-spike time (with conduction) of increasing the strength of the shock. A pair of curves illustrating the results obtained, one when the shock was applied to the trunk and the other when it was applied to a motor root, are shown in figure 5 . There it is seen that increasing the strength to about sixteen thresholds in the trunk and to about eight thresholds in the root shortens the time 0.31 and 0.41 msec., respectively, a spread that is equal to the time required for the impulse to travel a distance that is about as long as is available for observation in roots. With further increase in stimulation strength the shockspike time may actually lengthen (see root curve, fig. 5 ). This lengthening could be due only to an effect of an escape of stimulating current along the preparation, which modifies conduction of the after-coming action potential.
Stabilization of the shock-spike time then could be attained by using shocks eight to sixteen times the threshold strength. Such strong shocks, however, eventually damage some of the fibers. For these reasons a compromise was adopted and, as stated above the shocks, in most cases, were carefully adjusted to twice threshold. Amplification then was adjusted to keep the resulting action potentials all at the same recorded height.
Time was recorded, usually, in the form of IO to 25 kilocycle oscillations.
With the high speed of deflection needed in these experiments it is rarely possible to pick with sufficient accuracy the point at which the recorded action potential rises out of the base line,-a difficulty that usually is enhanced by distortion of the base line by the shock artifact and by base line artifacts that develop whenever the traveling action potential traverses a locus of change in diameter of the preparation (Bishop, Erlanger, and Gasser, 1926) . The significance of this difficulty is made evident in figure 6 . These are records of the same multifiber action potential with different amplifications, the amplification factors of the lower and upper records being to each other as 1 is to 20. The records show that at low amplification the actual start of the spike cannot be located. In order to minimize error from this source the conduction time, the shock-spike time, was measured to points on the rising limbs of the spikes at an adequate percentage (between 10 and 20) above the base line. The conduction time ascertained in this way is affected by the change in the configuration of the spike with conduction.
One would expect the rate of rise, of the sensory spike particularly, to decrease with the distance. Curiously enough, however, the slopes, within the distances conduction has been followed, often have changed insignificantly.
In one experiment the time was measured both to the apparent foot and to a point 10 per cent of the rising phase above the foot. The conduction rates thus determined turned out to be faster (but almost within the limit of error) with the latter method. All measurements have been made after about eight-fold enlargement of the photographs.
Conduction rate @=PhS, which may be regarded as more or less of th ,ose obtained through movement a, of the stimulatin .g electrodes, and b, of the recording ground electrode, are reproduced in figures 7 and 8, typical respectively.
In figure 7 the conduction rate in the roots, as shown by the slopes of the curves, is slower in the sensory than in the motor fibers; in the trunk and sciatic nerve the motor conduction rate is the slower. The differences, however, are not great, and the conduction rate through The records are placed with their shock artifacts on the same vertical. Time = 7 kilocycles. Natural size. Fig. 7 . Graph of conduction time against distance, multifiber records; motor (squares) and sensory (dots).
Lead fixed, stimulus moved. Time and distance are with reference to shock and lead electrode, respectively.
The roots are to the left, the trunk to the right, of the "ganglion". Fig. 8 . Graph of conduction time against distance, multifiber records; motor (squares) and sensory (dots).
Stimulus fixed, lead moved. Zero time here is the time of arrival of the spikes, motor and sensory, at the most proximal lead point. Otherwise as in figure 7 . the entire length is somewhat slower in the sensory fibers (41.5 m.p.s.) than in the motor fibers (43.4 m.p.s.).
The major irregularities in the curves are in the vicinity of the ganglion and probably are referable to the effect the ganglion and the sheath exert on the spread of current lines from the stimulating electrode.
The dot on the part of the sensory graph that is over the ganglion is the reading o btained when the s timulating cathode was on the ganglion and the anode on the trunk.
It is more than likely that stimulation under these circumstances occurred at the edge of the ganglion.
The open circle marks this position. When the graph is made to pass through the circle (dotted line), instead of through the corresponding dot, this part becomes essentially linear. In the case of figure 8 the conduction rate is slower in the sensory than in the motor fibers, both in the roots and in the trunk.
The sensory graph, however, shows a discontinuity in the region of the ganglion which might be interpreted as a lag of the action potential there amounting to about 0.14 msec. The motor curve shows a discontinuity there also; it is in the same direction as the sensory discontinuity but much less significant. This discontinuity in the graph of transmission of the sensory impulse through the ganglion was described by Erlanger, Bishop and Gasser in 1926, using a method of following conduction rates comparable with the one supplying the data for figure 8, excepting that the shock-spike times were of a taken as the conduction times. It was regarded by them as evidence lag in the transmission of the sensory impulse through the ganglion. Since, however, we do not cautions are observed that now were find a lag regularly when employed in obtaining the 7 it seems necessary to conclude that the lag is an artifact.
all 'of the predata for figure Speaking now for ourselves only, we are inclined to attribute the apparent lag to an effect the sheath exerts on the transmission of the intrinsic potentials to the recording grounded electrode.
The sheath must have the effect of broadening the lead and of delaying, through this effect, the rise of potential as the active locus leaves the ground.
But why this affects the sensory action potential more than the motor is not now clear.
The present experiments were performed primarily for the purpose of obtaining data for a comparison of sensory and motor conduction rates. Twenty-three preparations supply the necessary information relative to the roots. The sensory conduction rate was slower than the motor in thirteen of these cases, faster in five and the motor and sensory rates were the same in five. Of twenty-four observations on the trunk the sensory con .duction rate was slower than the motor in twelve, faster in eight and the same in four. In other words, it is rather the rule for the fastest sensory fibers to conduct more slowly than the fastest motor fibers. This obtains despite the fact that in the trunk the excitability of the sensory fibers is, as has been seen, almost invariably higher than that of the motor fibers.
Conduction in single fibers. Attempts to follow conduction through single motor and single sensory fibers have led to relatively little of interest as regards the principal thesis, mainly owing to lack of assurance that the same fiber has been stimulated along the length of the preparation.
In several cases there has been encountered what has appeared, through the all-or-none responses, to be a fiber with an outstanding excitability everywhere. When, in such instances, the derived graphs of conduction along the preparation have been linear one can be reasonably certain that a single fiber has been traced.
Two such sets of observations are available. In figure 9 the spike of a motor axon is followed through root, trunk and sciatic The spike of the most .excitable sensory fiber also was elicited through the preparation; the graph, however, shows discontinuities, indicating, probably, that fibers were exchanged along the preparation.
Strangely enough the conduction rate in the motor fiber in the trunk and sciatic was 20.3 M per sec., and in the sensory fiber 34.6 M per sec., whereas the shock thresholds were as 1.75 is to 2.5. In other words, the more excitable fiber has the lower conductivity. And stranger still is the observation that the motor multifiber conduction rate (34.6 m.p.s.) in the same preparation was very much faster than that of figure  7 .
the most irritable motor fiber, the one referred to above. On the sensory side, however, the single fiber and the multifiber conduction rates were essentially alike. Another motor fiber apparently has been traced in figure 10 , the curve being linear; in this case, however, the most excitable motor fiber has the reasonable conduction rate of 46.5 M. per sec. Here again, the complexity of the sensory graph indicates that the same sensory fiber has not always been stimulated at the several loci. If the irregularity of the curves is an expression of the intrusion of different fibers, the former must be interpreted as signifying that the most irritable fiber at one locus has a very different conduction rate than the most irritable fiber at another.
It may be added, that there was no correlation here between the local velocities JOSEPH ERLANGER AND E. A. BLAIR of sensory conduction and the local excitabilities, unless it is assumed that two fibers were being traced, and then the data indicate that the more irritable of the fibers had the slower velocity and the lower spike. This interpretation does not appear to be unreasonable, in view of the great difference in the velocities in the most irritable motor fiber in each of the two cases discussed above.
Conduction failure through the ganglion.
It has happened not infrequently during an experiment that, of the motor and sensory fibers, the sensory only have failed to conduct.
This failure as a rule has developed more or less gradually; but in a few instances it has come on with startling rapidity. When, in such instances, the search has been made, the fault has been located in the ganglion. If, as those observations indicate, the ganglion is a point of least resistance, it seemed that this vulnerability should be demonstrable through exposure of the preparation to untoward conditions such, for example, as oxygen lack or overwork.
To observe the effect of oxygen lack the method employed was to expose the entire preparation first to an atmosphere of oxygen and then to an atmosphere of hydrogen, all the while stimulating the motor and sensory roots alternately and equally, and leading the responses to stimulation either from the region of the ganglion or from the trunk beyond the ganglion. The gases were thoroughly washed and saturated with water. The records gave no evidence of a consistent difference in the rate of failure of motor and sensory conduction.
To test the capacity of the motor and of the sensory fibers to carry impulses through the region of the ganglion two general methods of procedure have been followed. a. Either the trunk has been stimulated continuously at high rates while leading alternately from the sensory and motor roots, or b, while leading from the trunk, the roots have been similarly stimulated, but alternately, for equal periods of time and with currents equally strong relative to the respective thresholds.
Stimulation was effected through an 885 tube and the rates employed rose to about 500 per second. Stimulation fatigue was controlled by shifting the locus stimulated.
As the rate of stimulation approaches the above rate the height of the spikes falls off, alternates and then becomes irregular, but the motor and sensory pictures derived from six different preparations on the average have changed alike in all respects through long periods of stimulation.
Leads from the ganglion.
A comparison of records taken along the preparation in a variety of ways discloses no discontinuities in amplitude or duration of spikes which might be referred to the entrance of an increment of potential from the ganglionic region. Furthermore, analysis shows that the area of the sensory spike bears a constant relation to that of the motor spike (within 3 per cent) whether the lead be from the ganglion or from the trunk.
Neither the cells nor the connecting As a working hypothesis to help with the experimental development of this problem it has been assumed, as has been seen, that the sensory fibers differ from the motor in having the looser membrane. All of the observations seem to fit into this view: sensory fibers have the lower threshold, accommodate less and therefore are more repetitious; they have the lower demarcation potential, and the greater relative responsiveness to currents of long duration as compared with brief currents. Has this hypothesis, then, an anatomical basis?
1. The peripheral sensory fiber is regarded generally as a dendrite, the motor and the sensory root fibers as axons. The experimental findings cannot, however, be made to fit this anatomical classification.
Repetition, to be sure, reaches its highest development in the peripheral sensory fibers; but the central sensory repeat somewhat better than the motor fibers, both axons. Moreover, the difference in demarcation potentials recorded here applies to the root fibers; information as to how the motor and sensory fibers behave in this respect in the trunk seems unattainable, since there they do not lend themselves to discrete determinations.
2. If we are dealing with a difference in membrane tightness, what constitutes the membrane ? Jasper and Monnier (1933) have assigned this role, at least in part, to the myelin sheath.
At any rate they attribute the high repetitiousness of crustacean nerve to the absence of this sheath with its current limiting capacity.
This view does not, however, appear to be applicable here, since we are not familiar with any evidence indicating that for fibers of the same large size the myelin sheath of sensory fibers is thinner than that of motor fibers.
Moreover, evidence from this laboratory indicates that electrical currents stimulate (and block) medullated nerve fibers, not through the medullary sheath, but through the nodes of Ranvier (Erlanger and Blair, 1934) . From this standpoint it would seem that the main difference between medullated and nonmedullated fibers consists of the fact that one has insulated segments, the other not, and that in the case of medullated fibers differences in "membrane tightness" are largely a matter of the relation obtaining between nodes and internodes.
In the absence of any specific information on this subject it would profit little to attempt much more than an enumeration of the possibilities.
As compared with motor fibers, in sensory fibers either the nodes might be wider, or the internodes shorter.
This investigation includes one observation that can be accounted for through the latter alternative.
It has been seen that in the trunk the sensory fibers are much more excitable than the motor, and yet conduct at about the rate of the motor fibers. If conduction is effected through restimulation by eddy currents and if it is saltatory, JOSEPH ERLANGER AND E. A. BLAIR the tendency the high excitability must exert toward hurrying propagation might be counterbalanced by the increased number of restimulations needed per unit of distance traversed.
SUMMARY
On the basis of evidence indicating that the sizes of the largest sensory and motor fibers in the bullfrog are essentially alike this investigation shows :
1. That the rheobase of peripherally 20 per cent below that of motor fibers.
2. That the repetitiousness of sensory as measured by:
a. The constant current threshold of b. The constant current threshold of and, directed sensory fibers is at least Eibers exceeds that of motor fibers repetition, repetition in terms of rheobases, c. The maximum amount of repetition elicitable by a constant current. 3. That during the passage of a constant current sensory fibers accommodate less than motor.
4. That the peripherally directed sensory fibers are more repetitious than the centrally directed, and that this difference probably is not assignable to the difference in the ensheathment of root and trunk.
5. That the demarcation potential of the sensory root is lower, by roughly a third, than that of the motor root.
6. That sensory fibers as compared with motor are more responsive to currents of long duration and less responsive to currents of short duration.
7. That despite their greater responsiveness to currents of long duration sensory fibers conduct perhaps less rapidly than motor fibers.
These results can be fitted into the hypothesis that sensory fibers have the "looser membrane" ; and reasons are given for locating the "membrane" at nodes rather than at internodes.
Occasional rather sudden failure of the sensory fibers to conduct through the ganglion has been observed; yet conduction through the ganglion withstands oxygen want and a high rate of response as well as does conduction through motor fibers.
With improved methods it has not been possible to substantiate a lag in the propagation of the impulse through the ganglion.
Neither has it been possible to find any evidence for a diversion of action potentials traveling in sensory fibers into their cells. An exceptional relation is described between conduction rate and excitability in a motor fiber.
